Our aging society is confronted with a dramatic increase of patients suffering from tauopathies, which include Alzheimer disease and certain frontotemporal dementias. These disorders are characterized by typical neuropathological lesions including hyperphosphorylation and subsequent aggregation of TAU protein and neuronal cell death. Currently, no mechanism-based cures are available. We generated fluorescently labeled TAU transgenic zebrafish, which rapidly recapitulated key pathological features of tauopathies, including phosphorylation and conformational changes of human TAU protein, tangle formation, neuronal and behavioral disturbances, and cell death. Due to their optical transparency and small size, zebrafish larvae are well suited for both in vivo imaging and drug development. TAU-induced neuronal cell death was imaged by time-lapse microscopy in vivo. Furthermore, we used this zebrafish model to identify compounds targeting the TAU kinase glycogen synthase kinase 3β (GSK3β). We identified a newly developed highly active GSK3β inhibitor, AR-534, by rational drug design. AR-534 reduced TAU phosphorylation in TAU transgenic zebrafish. This transgenic zebrafish model may become a valuable tool for further studies of the neuropathology of dementia.
Introduction
Neurodegenerative diseases are the most frequent cause of dementia in our aging society. For these disorders, which include Alzheimer disease (AD) and frontotemporal dementia (FTD), disease-modifying treatments represent a highly unmet medical need. AD and FTD are characterized by posttranslationally modified amyloidogenic proteins, which form neurotoxic oligomers and are finally deposited as insoluble aggregates (1) . Examples of the proteinaceous building blocks of these deposits are amyloid β peptide in AD and TAU in AD and FTD (2, 3) . The TAU protein is an important target for research and drug development, since its pathological alterations strongly correlate with disease progression in AD and FTD and other neurodegenerative diseases (4) and TAU suppression improves memory function (5) . Furthermore, mutations in the TAU-encoding gene microtubuleassociated protein TAU (MAPT) have been found in patients with FTD with Parkinsonism linked to chromosome 17 (FTDP-17) (6) . One of the first characteristic modifications of TAU is its pathologic phosphorylation at multiple residues, which are distributed over the whole protein (3, 7) . The initial steps, which lead to TAU phosphorylation and subsequent aggregation, were mainly studied in cell culture but are still poorly understood in vivo. These early stages are difficult to investigate in transgenic mice, since it is not feasible to image cells accurately over longer periods during early disease stages (8) . Furthermore, vertebrate in vivo models for rapid high-throughput screening for inhibitors of TAU pathology are not available.
Here, we propose the zebrafish as a small vertebrate model of tauopathies and other neurodegenerative diseases. It offers genetic tractability in combination with a translucent embryo allowing imaging of disease progression at cellular and subcellular levels in the living animal. Furthermore, the potential of using small zebrafish embryos for large-scale drug screening has already been demonstrated (9) . Large amounts of small fish, which can be analyzed in a 96-well format, can be rapidly produced. Fish are kept in water, which facilitates uptake of substances from the aqueous medium, allowing for automated compound application. In addition, simple readouts of characteristics such as altered mobility and fluorescence or changes in biochemical composition of proteins can be analyzed on a large scale. Moreover, the endothelial blood-brain barrier (BBB) begins to become functional 3 days after fertilization in zebrafish and has a structure similar to that in higher vertebrates, allowing one to test for bioavailability of drugs in the nervous system (10) .
We have optimized the transgenic expression of the human protein TAU-P301L (a mutation genetically linked to FTD; ref. 6) in zebrafish neurons by a newly designed Gal4-upstream activating sequence-based (Gal4/UAS-based) vector system, which also great-ly facilitates identification of the transgenic fish by a simultaneously expressed fluorescent reporter. We have further advanced the system to allow introduction of various other genes and promoters to facilitate the generation of different zebrafish disease models. In contrast to previous studies (11, 12) , we were able to monitor early pathology, including disease-specific hyperphosphorylation and conformational changes of TAU, neuronal and behavioral abnormalities as well as increased neuronal cell death within the first days of embryonic development in stable transgenic zebrafish. The rapid appearance of a pathologic phenotype allows one not only to use the embryos to study disease progression in a transparent vertebrate but also to validate and even screen on a relatively large scale for compounds that modify early phenotypes, such as TAU hyperphosphorylation, in vivo.
Hyperphosphorylation of TAU is believed to be a key initiator of detachment of normal TAU from microtubules and subsequent oligomerization and aggregation. Several kinases, including glycogen synthase kinase 3β (GSK3β), cyclin-dependent kinase 5 (CDK5), ERK2, and microtubule affinity-regulating kinase (MARK), directly phosphorylate TAU and are therefore considered as key therapeutic targets (13) . Inhibitors that selectively block these enzymes could therefore be used to slow the progression of disease pathology. Over the last years, selective inhibitors for kinases involved in TAU phosphorylation have been identified, and some of these compounds have even been tested in TAU transgenic mice, where they showed some effects on TAU phosphorylation. The activity of these inhibitors, however, has been hampered by poor water solubility and bioavailability and substantial side effects (13) . In addition, large quantities of the compounds are needed, since long-term administration is usually required to observe potential efficacy. Therefore, there is a significant need for technologies that can rapidly and efficiently identify more active and specific compounds with optimized bioavailability in in vivo models that represent disease pathology. We have shown previously that novel substances can be developed by structurebased design, which uses crystal structures of proteins, to model small molecules into the active site of the targeted enzyme (14) . This approach can deliver inhibitors with excellent potency and specificity. However, it requires validating the bioavailability and selective inhibition of the target molecule in an in vivo setting. We have now developed several highly specific inhibitors by structurebased design, which bind to the active site of GSK3β and block the enzyme function with high potency in vitro. Two of the best inhibitors were then investigated for their potential efficacy in zebrafish. We demonstrate here for the first time, to our knowledge, that we could reduce the pathologic phosphorylation of the human disease-associated protein TAU in vivo in a transgenic zebrafish model by several published GSK3β inhibitors. Furthermore, we tested 2 newly developed highly selective GSK3β inhibitors with potent in vitro activity and could show with our model that one of them is also very potent in a whole organism in vivo.
Our study not only provides a small vertebrate model of tauopathies and other neurodegenerative diseases, which can be used to monitor progression of pathology in vivo, but also a powerful combination of in silico prediction of compounds with in vivo validation of their bioavailability in a small transgenic vertebrate disease model. Finally, our newly developed zebrafish transgenesis vectors will allow modeling of numerous human disorders that are based on protein misfolding and overexpression, 2 phenomena often connected to each other (15) .
Results

A Gal4/UAS-based bidirectional expression system in zebrafish.
The first goal of this study was to generate transgenic zebrafish stably expressing the FTD-associated human protein TAU-P301L (6) . Inefficient transgenesis and low protein expression levels have in the past hampered the efficient generation of zebrafish disease models expressing human genes. To overcome these limitations, we have generated vectors that combine several features to increase transgenesis rates and protein levels, facilitate the expression of disease proteins of interest, and allow efficient identification of transgenic lines as well as simultaneous in vivo monitoring of pathology and phenotypes. We cloned 2 constructs, Driver and Responder, based on the medaka Tol2 transposable element (16) , which greatly increases the rate of transgenesis (see Methods for details), and integrated the Gal4/UAS expression system (17) into the 2 vectors (Figure 1A) . Furthermore, we introduced Gateway recombination sites, which allow rapid introduction of other genes and promoters (18) (see Supplemental Figure 1 for details; supplemental material available online with this article; doi:10.1172/JCI37537DS1). The Driver construct contains the neuronal promoter HuC (19) , controlling the expression of a Gal4-VP16 fusion protein, which in turn efficiently transactivates and amplifies protein expression from a UAS on the Responder construct. To achieve transgene expression in 2 orientations, we flanked the UAS sequence with 2 short minimal promoters. In our constructs, this cassette drives the expression of human TAU-P301L in one direction and the expression of the fluorescent reporter DsRed in the other ( Figure 1A ). This bidirectional expression allows the identification of TAU-expressing cells in live embryos by concomitant DsRed fluorescence.
Transgenic fish were generated by injecting circular Driver and Responder constructs together with Tol2 transposase mRNA, which is translated into active transposase (a protein not encoded by the zebrafish genome) in embryonic cells to catalyze integration of both constructs into the zebrafish genome for a short period of time (16) . Both constructs integrate randomly into a subset of embryonic cells leading to mosaic TAU- and DsRed-expressing embryos. DsRed-positive embryos are raised and outcrossed to wild-type fish. The offspring of founder fish with germ-line transmission can be easily identified, as the embryos express DsRed in mature neurons, making PCR screenings dispensable ( Figure 1B ). The expression of TAU and DsRed in the transgenic zebrafish fully overlaps, as shown by immunofluorescence (IF) staining using the pan-TAU antibody T46 (20) and DsRed antibodies ( Figure 1C) .
We raised 76 injected founder fish to sexual maturity and identified 15 (19.7%) with DsRed-positive offspring. We analyzed 3 generations descending from 1 of the founder fish for genetic inheritance by counting DsRed-negative and -positive embryos and always found about one-fourth of the offspring to be DsRed positive, implying that these embryos carry Driver and Responder constructs (Supplemental Figure 2A) . This ratio indicates independent inheritance of both constructs, with single or multiple insertions at 2 different genomic loci. We verified this by analyzing 225 embryos of an F2 outcross by PCR for Driver and Responder genotypes (Supplemental Figure 2B ). In addition, the embryos showed stable protein levels and expression domains over 3 generations (Supplemental Figure 2C) , indicating stable inheritance and activity of the Gal4/UAS transgene. Finally, we did not observe any morphological alterations in the transgenic fish (data not shown) and also excluded alterations in the function of the zebrafish BBB (for details see Supplemental Figure 3 ).
The transgenic zebrafish rapidly develop disease-specific alterations. Phosphorylation of TAU at certain serine and threonine residues serves as a biochemical marker for pathologic alterations in AD and FTD (3, 7) . We therefore determined whether and when the TAU transgenic fish recapitulate this hallmark of disease progression. Strikingly, in embryos that were only 32 hours old, we could already detect positive immunoreactivity in spinal cord neurons with the antibodies AT180 (21), AT270 (21), 12E8 (22) , PHF1 (23), 422 (24) , and AT8 (25) , which specifically detect abnormally phosphorylated residues T231/S235, T181, S262/S356, S396/S404, S422, and S202/T205, respectively ( Figure 2A ). These findings were corroborated by immunoblots of lysates from 48-hour-old transgenic and nontransgenic fish. The pan-TAU antibody T46 reveals a broad band around 64 kDa, which corresponds to the largest CNS TAU isoform in a mixed state of phosphorylation. Human TAU was also recognized by antibodies against phosphorylated epitopes that are typically elevated in AD (AT180, AT270, 12E8, PHF1, and 422) ( Figure 2B ).
In addition to pathologic hyperphosphorylation, TAU also changes its conformation during disease progression (26) , which finally culminates in aggregation and formation of tangles. The early conformational changes can be monitored by immunostaining using antibody MC1, which is specific for a pathologic conformation of TAU (26) . Strikingly, we already found MC1-positive TAU in neurons of 32-hour-old embryos, again demonstrating rapid occurrence of AD- and FTD-like pathology in our transgenic zebrafish model ( Figure 2C ). We also determined whether and when these changes to pathologic conformation led to the formation of tangles and therefore analyzed later stages. In 5-week-old fish, which are still quite transparent, we could not only observe the expression of the DsRed transgene in living fish ( Figure 2D ) but also depict TAU-expressing cells with the pathologic AT8 epitope in immunohistochemical stainings ( Figure 2E ) and Gallyas silver-positive tangles ( Figure 2F ) in paraffin sections of spinal cord tissue. To demonstrate specificity of the stainings, we also stained control transgenic lines, which express DsRed only, and nontransgenic siblings. No cross-reactivity in neurons was observed ( Figure 2F and Supplemental Figure 4) . 422 and AT8, in 32-hour-old transgenic zebrafish. While the epitopes that are detected by early marker antibodies are present in most TAUexpressing cells, the signals of the late markers can only be found in a small subset of neuronal cells (Figure 2A ). This observation raises the question of whether there is a progression to advanced pathology that these immunopositive neurons have already reached in contrast to the surrounding neurons and whether other neurons will follow later. To monitor progression of the pathological AT8 immunoreactivity, we compared the number of positive neurons in 24-hour-old, 32-hour-old, 48-hour-old, and 7-day-old embryos from a single trans-
Figure 2
Expression of hTAU-P301L induces rapid pathological hyperphosphorylation, conformational changes, and aggregation of TAU in transgenic zebrafish. (A) Double whole-mount immunostainings for phosphorylated and total TAU of 32-hour-old transgenic zebrafish embryos expressing hTAU-P301L and DsRed. TAU is phosphorylated in spinal cord neurons at residues Thr231/Ser235 (AT180), Thr181 (AT270), Ser262/Ser356 (12E8), Ser396/Ser404 (PHF1), Ser422 (422), and Ser202/Thr205 (AT8). (B) WBs of total and phosphorylated TAU of 48-hour-old transgenic zebrafish embryos expressing hTAU-P301L and DsRed or DsRed alone or nontransgenic siblings. Phosphorylated TAU is only detected in TAU/DsRed transgenic embryos. No cross-reacting bands are detectable in controls at the same molecular weight. In addition to the specific band above 64 kDa (arrow) in TAU-positive embryos, antibodies PHF1 and 422 detect a nonspecific band at lower molecular weight in all embryos (asterisk). (C) TAU changes its conformation to a pathologic state, as shown in whole-mount immunostainings, by using the conformation-specific antibody MC1, in most neurons of 32-hour-old embryos expressing the TAU transgene. genic line, with comparable levels of transgene expression. We could indeed observe a rapid and robust increase in AT8-positive neurons over this short period of time ( Figure 3A ). This was not the case for AT270-positive cells ( Figure 3B ).
Increased cell death in hTAU-expressing zebrafish neurons. Neuronal cell death is the ultimate reason for the neurological deficits of AD and FTD patients. We have therefore engaged in analysis to determine whether neurons indeed degenerate when TAU is expressed in transgenic zebrafish. Cell death can be monitored in living fish by incubation in acridine orange (27) , a dye that stains nucleic acids in dying cells. We have compared 6-day-old fish expressing TAU/DsRed to DsRed only-expressing fish and nonexpressing siblings. Strikingly, we could detect a significant increase of cell death in the whole spinal cord of TAU-expressing fish, as compared with both controls (Figure 4 
, A-D).
To analyze neurodegeneration in more detail and to demonstrate the suitability of zebrafish larvae to study cellular processes in a whole living animal in vivo, we monitored the neurodegeneration in TAU transgenic fish by confocal time-lapse imaging. We recorded neurons in the spinal cord that express DsRed over a period of 12 hours (typical examples of still images are shown in Figure 4E ; see also Supplemental Video 1) and searched for dying cells by monitoring uptake of acridine orange. An intact neuron in the field of view first altered its shape and started to round up (54.0 to 58.1 hours post fertilization [hpf]). Subsequently, this cell fragmented and took up acridine orange, indicating a breakdown of the cellular membranes (58.1 to 60.3 hpf), and eventually began to disappear (60.3 to 65.7 hpf). To our knowledge, this is the first demonstration of in vivo cell death imaging in the field of neurodegeneration.
Expression of hTAU-P301L causes neuronal and behavioral abnormalities. It has been previously demonstrated that elevation of TAU leads to inhibition of intracellular transport with toxic consequences, which are particularly pronounced in long-projecting motoneurons (28, 29) . This is accompanied by elevated pathologic phosphorylation. To investigate abnormalities in neuronal morphology, we stained TAU transgenic fish and control fish with antibody znp1, which labels
Figure 3
Rapid progression of AT8-positive late-stage FTD/AD-like pathology in transgenic embryos. (A) Double whole-mount immunostainings for TAU phosphorylated at the AT8 epitope (a late marker of pathology) and the AT270 epitope (an early marker) together with staining by antibody K9JA, which shows expression of total TAU in 24-, 32-, and 48-hpf and 7-day-old transgenic zebrafish embryos. There are very few AT8-positive neurons in the spinal cord of 24-hour-old embryos, while this number increased significantly in 32-hour-old embryos and rose even further in 48-hour-old embryos. Finally, all TAU-expressing neurons contained the AT8 epitope in 7-day-old larvae. (B) In contrast, immunoreactivity of the early marker AT270 was already strong in many TAU-expressing cells at 24 hpf and became only slightly stronger at older stages. The level of total TAU detected in the same embryos by double staining with the K9JA antibody was similar between 24 hpf and 32 hpf. After 48 hours, a substantial part of TAU was transferred to the neuronal projections. In contrast, AT8-positive TAU remained mainly in the cell bodies. The AT8-positive somata combined with a lack of strongly AT8-positive neuronal projections is consistent with the pathological accumulation of modified TAU in neuronal cell bodies of patients. Lateral views of the trunk above the end of the yolk extension, anterior to the left. Scale bars: 50 μm.
the synaptic protein synaptotagmin in extending axons of all primary motoneurons (30, 31) . We measured the length of the first 4 outgrowing caudal primary (CaP) motoneurons anterior to the end of the yolk extension, which leave the spinal cord ventrally and grow around the muscle in a stereotypic, time-dependent manner as judged by synaptotagmin (znp1) staining (32) . The length of the developing motoneurons, in which synaptotagmin is present, is substantially shorter at 28 hpf in TAU transgenic fish ( Figure 5 , A-C). In a later stage at 48 hpf, distribution of synaptotagmin is still altered ( Figure 5 , D and E), although the projections have grown further. Seven-day-old larvae are able to swim and catch food (data not shown). On the cellular level, the motoneurons in both control and TAU fish have grown around the muscle to the midline ( Figure  5 , F and G); however, the fine projections to the muscle are still reduced in the TAU transgenic fish in comparison with controls.
Consistent with the altered motoneuron morphology, we observed behavioral deficits, such as slow or absent movement in most of the larvae at 48 hpf, an age at which a stereotypic escape response behavior can be evoked by applying a touch stimulus to the animals. We have collected pools of transgenic fish expressing high levels of TAU/DsRed and quantified the escape response of 50 randomly picked individual larvae at 48 hpf. While most transgenic DsRed only-expressing fish with comparable expression levels or nontransgenic fish responded to a touch stimulus at the dorsal tip of the tail with a stereotypic escape response, most TAU-expressing fish show a significantly reduced or even absent response ( Figure 5 , H, I, and J; see also Supplemental Video 2). We hypothesize that the motoneuron defect is the reason for the observed movement deficits at this age.
Generation of potent GSK3β inhibitors by structure-based design. Our transgenic zebrafish rapidly recapitulated key disease markers for tauopathies, including hyperphosphorylation. We therefore determined whether our fish would be a useful tool for developing compounds that could delay or stop the pathology of tauopathies. To identify inhibitors of TAU kinases by structure-based design, we refined a previously described approach (14) and found approximately 2000 actives in a high-throughput screening campaign against the human GSK3β enzyme. The actives were confirmed for dose response and encompassed hits from multiple chemical series. Several compounds from the pyrazine chemical series were cocrystallized with the GSK3β protein. Data from x-ray analysis of the binding of the inhibitors within the ATP pocket of the GSK3β protein led to the optimization of potency and selectivity of the pyrazines. Since CDK2 is the closest homolog to GSK3β, we optimized for CDK2 selectivity aided by structure-based design. By optimizing against CDK2, pan-kinase selectivity (27 kinases) was also obtained. This understanding of structural activity relationships subsequently led to the design of potent and selective GSK3β inhibitors AR-164 and AR-534 ( Figure 6 , A-C). AR-164 and AR-534 inhibit recombinant human GSK3β with Ki values (the concentration of inhibitor that reduces the formation speed of the metabolite by 50% at low substrate concentration) of 8.9 nM and 2 nM respectively. In contrast, AR-164 and AR-534 do not significantly inhibit CDK2/ cyclin E (Kis of 1440 nM and 100 nM, respectively), demonstrating at least a 50-fold selectivity versus CDK2. Both inhibitors were cell permeable. The permeability coefficients, which were determined in Caco2 cells and in an in vitro BBB assay, were 11 × 10 -6 cm/s and 3.9 × 10 -3 cm/min, respectively, for AR-164 and 20 × 10 -6 cm/s and 12 × 10 -3 cm/min respectively for AR-534 ( Figure 6 , B and C). These data suggest that the bioavailability of AR-534 in the brain is most likely higher than that of AR-164. Both AR-164 and AR-534 inhibit the phosphorylation of TAU at Ser396 in a dose-dependent fashion in 3T3 fibroblasts engineered to stably express 4-repeat TAU protein, exhibiting IC 50 values of 49 nM and 79 nM, respectively ( Figure  6 , D and E). Effects were compared with those of the previously published GSK3 inhibitors SB-415286 (33) and lithium chloride, which exhibited IC 50 values of 6 μM and 1.5 mM, respectively, in our assay. Although AR-164 and AR-534 potently block phosphorylation of human TAU expressed in cell culture and display a sufficiently good BBB permeability in our in vitro test, this does not necessarily predict that the compounds are also active in a whole organism. Validating the in vivo activity of the inhibitors in TAU transgenic mice, which were the only available vertebrate models of tauopathies so far, is an expensive and time-consuming process and not amenable to high-throughput screening for optimizing compounds for determining structural activity relationships. We have therefore studied the conservation of the targeted enzyme in zebrafish, in which drug screening would be more feasible, and found that GSK3β is highly conserved, with over 90% identity at the amino acid level ( Figure  6F) . Furthermore, the residues of the active site, which interact with our inhibitors, are completely identical. This high conservation to the human GSK3β kinase allows using the zebrafish as a model to validate the in vivo activity of GSK3β inhibitors and helps to further develop this lead structure.
Figure 5
Expression of hTAU-P301L causes abnormalities in neuronal morphology and behavior. (A-G) Whole-mount immunostainings for znp1, which labels synaptotagmin in the extending axons of primary motoneurons. Expression of TAU causes a dramatically reduced extension of znp1-positive motoneurons already at 28 hpf (A and B) . The difference in motoneuron length is quantified (C) by measuring the length of the first 4 znp1-stained motoneuron projections (marked 1, 2, 3, 4 in A and B) before the end of the yolk extension (marked by dotted line). Triangles and diamonds represent values from individual motoneurons; colored horizontal lines represent mean ± SD. ***P < 0.01. In 48-hour-old embryos, the motoneurons have grown further in both TAU fish and controls, but the motoneuron extensions are still reduced (D and E). 5 days later, the motoneurons have grown around the muscle in both TAU fish and controls (F and G). The fine projections of motoneurons (see enlarged insets, arrowheads), are still highly reduced in TAU transgenic fish. Lateral views of the trunk above the end of the yolk extension, anterior to the left. Scale bars: 50 μm. (H-J) The stereotypic escape response, which is normal in DsRed-expressing (H) and nontransgenic larvae at 48 hpf (data not shown), is highly reduced or absent in TAU-expressing larvae (I; see also Supplemental Video 2). The phenotype was quantified in groups of 50 TAU/DsRed versus DsRed transgenic larvae, which were pooled from several clutches and selected for strong and comparable DsRed expression (J). Error bars represent mean ± SD; ***P < 0.01. 
Potent in vivo effects of a newly developed GSK3β inhibitor. After dem-
onstrating that the TAU transgenic zebrafish display a number of pathological symptoms that are diagnostic for tauopathies, we used the fish to investigate in vivo 2 known GSK3 inhibitors, SB-216763 and SB-415286 (33), as well as our 2 newly developed compounds, AR-534 and AR-164, which have a strong and selective inhibitory activity on GSK3β in vitro (see Figure 6 ). In addition, we treated transgenic fish with LiCl as described (34), as a positive control.
Figure 7
GSK3 inhibitors phenocopy a genetic loss of GSK3β and reduce pathologic hyperphosphorylation of TAU in vivo. (A) GSK3 inhibitors have specific effects on early wild-type zebrafish development when treatment occurs between 4 and 24 hpf. LiCl treatment caused strongly reduced eye formation (black arrowheads), while SB-216763 and SB-415286 also perturbed formation of brain, somites, and tail (gray arrowheads). In addition to these phenotypes, AR-534 also caused multiple ear formation (arrowheads in enlargement). In contrast, AR-164, which has in vitro activity comparable to that of AR-534, did not cause any detectable change in phenotype even at 4-fold concentration. Embryos injected with dN-GSK3β mRNA to suppress the function of endogenous GSK3β phenocopied alterations of compound-treated fish; however, only AR-534 was potent enough to phenocopy the ear multiplication seen in embryos expressing high levels of dN-GSK3β (arrowheads in enlargement). Embryos injected with wild-type GSK3β did not display a phenotype at comparable mRNA concentrations. Scale bars: 500 μm; 100 μm (insets). (B) GSK3 inhibitors reduce pathologic TAU phosphorylation in vivo when applied to TAU transgenic fish between 20 and 100 hpf. Phosphorylated TAU was detected by WB using antibody PHF1 and normalized to total TAU (K9JA). The band intensities were compared with a DMSO control on the same gel. The upper specific PHF1-band (arrow) was quantified. As already shown in Figure 2 , the lower PHF1 band was unspecific (asterisk). (C) Quantification of WB band intensities of phospho-specific TAU as a percentage of the total amount of TAU detected by K9JA shown in B.
To evaluate whether the compounds affect zebrafish Gsk3β activity, we first treated wild-type zebrafish embryos between 4 and 24 hpf and examined their developmental phenotype. GSK3β is a component of the canonical Wnt pathway that is required for many early patterning events in the developing vertebrate embryo. Disturbances of this pathway therefore lead to characteristic developmental defects (35) . LiCl treatment caused strongly reduced eye formation, as previously described (36) , while SB-216763 and SB-415286 also perturbed the normal formation of brain, somites, and tail in addition to the eye phenotype ( Figure 7A ). The inhibitor AR-534 had an even more drastic effect on the fish, causing multiple ear formation in addition to the described phenotypes. In contrast, AR-164, which has a comparable in vitro activity to AR-534, did not cause any detectable phenotype even at 4-fold higher concentration ( Figure 7A) . To compare the efficiency of the inhibitors and the specificity of the evoked phenotypes with a genetic loss of the endogenous enzyme function, we injected mRNA encoding dominant-negative Xenopus GSK3β-K85R (dN-GSK3β), which is over 92% identical to zebrafish Gsk3β, into zebrafish eggs. To monitor dosedependent effects, we coinjected dN-GSK3β mRNA and GFP mRNA and used GFP fluorescence to select embryos with lower or higher protein expression. Strikingly, embryos expressing lower amounts of dN-GSK3β phenocopied the eye loss, which was also observed in embryos treated with SB-216763 and SB-415286 and LiCl, whereas only the embryos expressing higher amounts also phenocopied the multiple ear formation monitored in AR-534-treated embryos ( Figure 7A ). This result indicates that AR-534 has the highest specific in vivo efficacy of all compounds used in this study. Similar to γ-secretase inhibitors, which cause very profound defects in Notch signaling during early development of zebrafish (37) , such inhibitors may only be used during late adulthood when FTD and AD develop, thus excluding their negative effects on embryonic development. To confirm that treatment of larvae at later stages does not cause deleterious developmental problems but reduces pathologic TAU phosphorylation in vivo, we now treated TAU transgenic fish for 3 days starting at 20 hpf, after early development was completed. Treatment starting at this time point did not cause any major morphological phenotype to the larvae (data not shown). After the treatment period, embryos were lysed and subjected to quantitative Western blot (WB) analysis, in which the levels of phosphorylated TAU were normalized to total TAU to exclude differences in expression levels or gel loading. SB-216763 and SB-415286 reduced phosphorylation of TAU at the disease-specific PHF1 epitope by 30% to 40%, a low activity in comparison with the nonspecific inhibitor LiCl, which reduces phosphorylation by nearly 90% when used at high concentration ( Figure 7 , B and C). AR-534 was more potent than the existing specific inhibitors SB-216763 and SB-415286 and reduced TAU phosphorylation by 70% (Figure 7 , B and C). In contrast to the other inhibitors, AR-164 did not show any inhibitory activity on TAU phosphorylation in vivo ( Figure 7B ), which is consistent with both its lack of activity on early development and the lower penetrability in the in vitro BBB screen, as shown in Figure 6 . We conclude that, consistent with its activity on early zebrafish development, AR-534 is also the most potent specific inhibitor of GSK3β-mediated TAU phosphorylation.
Discussion
We provide a newly developed technology approach for the fast and efficient generation of transgenic zebrafish to study human diseases resulting from protein misfolding and/or overexpression and to optimize promising drug candidates in vivo. The generation of transgenic zebrafish overexpressing high levels of human proteins has so far been rather difficult. We have overcome these limitations with the efficient Tol2 transposon and Gal4/UASbased expression of human TAU-P301L in transgenic zebrafish. In contrast to previous studies (11, 12) , we could monitor early pathology, including disease-specific hyperphosphorylation and conformational changes of TAU as well as neuronal and behavioral abnormalities within the first 2 days of embryonic development in stable transgenic zebrafish. Furthermore, the larvae developed substantial neurodegeneration after a few days. These phenotypes appear much more rapidly in our fish model than in the existing mouse models, although zebrafish kept under laboratory conditions live as long as 3 to 5 years (38) , which is comparable to laboratory mice (39) . Importantly, this early pathology is crucial to fully exploit all advantages of the zebrafish system, such as optical clarity and ease of manipulation. The similarity of the evoked phenotypes to human disease is completed by the appearance of neurofibrillary tangles after 5 weeks, validating our fish as a wellsuited model for tauopathies in vivo.
We expect the transgenic zebrafish to become a valuable model system for gaining further insights into the pathology of dementias by exploiting the unmatched potential for the analysis of cellular processes in the living organism, which the zebrafish offers in contrast with other vertebrate models. Although living cells can also be monitored in transgenic mice, experiments in the zebrafish can be performed in a noninvasive way in much higher spatial and temporal resolution. Whole-cell imaging of neurons comprising somata and projections can be done in embryos and larvae over several days without removing the specimen from the microscope (40) . Since FTD-like pathology can be detected already after 1 to 2 days for early and late disease markers and this pathology progresses rapidly, we can monitor disease progression in a compressed timescale in young zebrafish embryos and larvae, which are perfectly suited for in vivo imaging of neurons due to their optical transparency. In fact, confocal imaging even allowed us to follow neuronal cell death in vivo. To our knowledge, this is the first demonstration of in vivo cell death imaging in the field of neurodegeneration. Moreover, neurons can be imaged in their natural environment together with neighboring cell types such as astroglia, oligodendrocytes, and microglia, which have been shown to participate in the pathology of several neurodegenerative diseases (1). These important environmental influences are not faithfully recapitulated in tissue explants or primary cell culture. The early phenotypes allow testing for possible genetic modifiers of pathology in vivo through transient overexpression of wild-type or dominant-negative forms of proteins by DNA or RNA injection or downregulation mediated by injection of antisense oligonucleotides.
The rapid appearance of pathologic phenotypes allows use of the transgenic zebrafish larvae not only to image and understand disease processes in a living animal but also to validate and even screen on a relatively large scale for compounds that modify the pathology in vivo. The hyperphosphorylation of TAU, which our fish model develops within 32 hours after fertilization, is believed to be a key initiator of detachment of normal TAU from microtubules and subsequent oligomerization and aggregation. Preventing this phosphorylation by blocking the involved kinases could potentially slow further progression of pathology and thus be an efficient treatment option for AD and FTD (13) . We have developed compounds that bind to the active site of GSK3β and effectively block enzyme activity. The identifica-tion of potent cell-permeable kinase inhibitors with in vivo efficacy is a key component of the drug discovery process. With the use of rational drug design, optimization of the pyrazine chemical series led to the identification of several GSK3 inhibitors. We demonstrated by in vitro studies that 2 of these compounds have high selectivity for the target enzyme, good bioavailability, and high potency to block TAU phosphorylation in cell culture. However, it is frequently observed that such inhibitors may not be active in vivo, since they, for example, do not enter the cells, are transported out, or are rapidly metabolized when tested in whole organisms (13) . This emphasizes the necessity of rapid, high volume in vivo drug testing in disease models, which is not feasible in transgenic mice on a large scale. Transgenic zebrafish offer advantages of both in vitro and in vivo systems and allow rapid screening for pathology-modifying drugs on a large scale, since embryos can be tested for rescue of the pathologic phenotypes after compound treatment in a 96-well-plate scale (9) .
We show that GSK3β inhibitors cause specific phenotypes when applied during early embryonic development and that the evoked phenotypes already indicate the in vivo potency of the inhibitor. Moreover, the GSK3β inhibitors can effectively reduce the rapid disease-specific hyperphosphorylation of TAU in our transgenic zebrafish. Using our model, we have evaluated the activity of 2 newly developed GSK3β inhibitors with comparable in vitro activity. One of the inhibitors, AR-534, was also very active in vivo, with a much higher effect than the previously described GSK3-specific inhibitors SB-216763 and SB-415286, which we used for comparison. In contrast, the inhibitor AR-164, which is equally potent in cell culture, was inactive in vivo. These data were consistent with the over 3-fold lower performance of AR-164 in our BBB test. As this is an in vitro test, which can only serve as a model of the in vivo situation, the bioavailability of AR-164 could be even lower in our transgenic zebrafish, explaining the lack of activity. It has been shown recently that zebrafish form a functional BBB that is similar to that of higher vertebrates. The BBB in zebrafish consists of endothelial cells, which can be characterized by the expression of the marker proteins claudin-5 and ZO1 and starts to become functional at 3 days after fertilization (10) . The developing BBB might be less permeable to AR-164 versus AR-534 and could therefore be one reason for the absent in vivo activity of AR-164. Alternatively, degradation or metabolism of AR-164 could also account for the activity differences we observed. Taken together, the different activities of AR-534 and AR-164 in the in vitro versus the in vivo situation clearly illustrate the need for effective in vivo-screening tools, as this can help to identify promising compounds more quickly and directly, while at the same time allowing one to eliminate substances without reasonable in vivo activity early in the screening process. Taken together, our transgenic zebrafish model could be a promising tool for streamlining pharmacological screening for many neurodegenerative diseases. In fact, we have already successfully used this technology to generate transgenic zebrafish lines overexpressing a number of other amyloidogenic proteins, such as amyloid β peptide, TDP-43, and α-synuclein (data not shown).
Methods
Animal husbandry
All experiments were performed in accordance with animal protection standards and were approved by the government of Upper Bavaria (Regierung von Oberbayern, Munich, Germany). The zebrafish wild-type AB line was maintained, mated, and raised as described (41) . Embryos were kept in E3 medium at 28.5°C and staged as described (42) .
Constructs
Our transgenesis constructs are based on the pT2KXIGdeltaIN plasmid (a gift from K. Kawakami, National Institute of Genetics, Shizuoka, Japan), which is derived from the medaka Tol2 transposable element (16) . pT2KXIGdeltaIN was cleaved by BglII and XhoI to remove the insert between the Tol2 sites, and a multiple cloning site (MCS) was introduced. The MCS was cut out by PvuII from pBS_I-SceI, which contains the pBluescript MCS flanked on both sides by I-SceI restriction sites. To assemble the final transgenesis constructs, fragments were first combined in pBS_I-SceI, as this vector contained more suitable restriction sites, and later transferred to pT2KXIGdeltaIN.
Driver construct. The SV40 late polyA signal was PCR amplified from pCS2 + using the primers pCS2 + poly(A)-F SacII (5′-AAAAAACCGCG-GAGTCGTATTACGTAGATCCAGACATGA-3′) and pCS2 + poly(A)-R SacI (5′-AAAGAGCTCCACACCTCCCCCTGAAC-3′), cleaved by SacI/SacII, and ligated into pBS_I-SceI. The neuronal HuC promoter (19) was PCR amplified using the primers HuC-F XhoI/EcoRI (5′-GCTCGAGGAATTCACTA-ATTTGAATTTAAATGC-3′) and HuC-R2 EcoRI/ClaI (5′-GGAATTCATC-GATTCTTGACGTACAAAGATGATATTGATCTAGG-3′), cut by XhoI/ClaI, and ligated into pBS_I-SceI_pA. Gal4-VP16 (17) was cleaved by BamHI/ SnaBI from pBS_HuC_Gal4-VP16, blunted, and ligated into pBS_I-SceI_ HuC_pA cut by EcoRV/SnaBI. The HuC-Gal4-VP16-pA fragment was transferred to pT2KXIGdeltaIN by I-SceI digest and ligation.
Responder constructs. We generated transgenic control fish expressing DsRed but not TAU using a construct that contained E1b-UAS-E1b flanked by DsRed and TAU, but TAU was isolated from the minimal E1b promoter by an insert of 200 bp (Ins), which inhibits expression of TAU. DsRed.T4 (43) was cleaved from pCS2 + _DsRed.T4 by NcoI/SnaBI digest to replace GFP in the vector pBS_E1b_UAS_E1b_GFP_pA. This vector contains UAS flanked by E1b minimal promoters (17) on both sides. Ins-hTAU-P301L was cleaved by BglII/BamHI from pNG2htau40/P301L and ligated at the BamHI site of pBS_I-SceI_pA. E1b-UAS-E1b-DsRed-pA was cleaved by HindIII/SmaI from pBS_E1b_UAS_E1b_DsRed.T4_pA, blunted and ligated into EcoRVcleaved pBS_I-SceI_Ins_hTAU-P301L_pA. The full expression cassette was transferred to pT2KXIGdeltaIN by I-SceI digest and subsequent ligation. The final Responder construct was used together with the Driver construct to generate transgenic fish Tg(HuC:Gal4/UAS-DsRed).
To generate transgenic fish expressing DsRed and TAU, hTAU-P301L was amplified from pNG2htau40/P301L by PCR using primers hTAU ATG-F BamHI/NcoI (5′-GGGATCCCATGGCTGAGCCCCGCCAGGA-3′) and hTAU TAG-R NcoI/EcoRI (5′-GGAATTCCATGGTCACAAACCCT-GCTTGGCTA-3′), cleaved by NcoI and inserted into pBS_E1b_UAS_ E1b_GFP_pA cleaved by NcoI/SnaBI to remove GFP. DsRed together with the SV40 late polyA signal were cleaved by ClaI/ApaI from pCS2 + _ DsRed.T4 and introduced into pBS_E1b_UAS_E1b_hTAU-P301L_pA. The insert in pT2KXIGdelta-hTAU-P301L-Ins-E1b-UAS-E1b-DsRed was removed by ApaI/NheI digest and replaced by the new cassette cleaved from pBS_pA_DsRed_E1b_UAS_E1b_hTAU40-P301L_pA. The distance of TAU from E1b is only 35 bp in this construct; therefore, TAU is efficiently expressed together with DsRed. The final Responder construct was used together with the Driver construct to generate transgenic fish Tg(HuC:Gal4/TAU-P301L-UAS-DsRed).
Gateway constructs. Gateway recombinations were performed according to the manufacturer's instructions (Invitrogen). Details about Gateway cloning can be found at www.invitrogen.com/site/us/en/home/Products-andServices/Applications/Cloning/Gateway-Cloning.html.
To adapt our responder construct to Gateway cloning, hTAU-P301L was replaced by a Gateway destination site flanked by attR1/2, which was cleaved from pBS-DEST_attR1-2 (a gift from P. Lemaire, IBDML, Marseille, France) by EcoRV. The resulting construct was termed Destination Responder vector.
To adapt our Driver construct to Gateway cloning, the HuC promoter was also replaced by a Gateway destination site flanked by attR1/2. The resulting construct was termed Destination Driver vector. To test the functionality of the vectors, the HuC and αTub promoter and hTAU-P301L were amplified by PCR using the following primers: HuC-F XhoI/EcoRI (5′-GCTCGAGGAATTCACTAATTTGAATTTAAATGC-3′) and HuC-R2 EcoRI/ClaI (5′-GGAATTCATCGATTCTTGACGTACAAAGATGATATT-GATCTAGG-3′) for HuC; M13-FP (5′-TGTAAAACGACGGCCAGT-3′) and αTub-R (5′-GGCACGCTGTGAAGAAAAAG-3′) for αTub; and hTAU ATG-F BamHI/NcoI (5′-GGGATCCCATGGCTGAGCCCCGCCAGGA-3′) and hTAU TAG-R NcoI/EcoRI (5′-GGAATTCCATGGTCACAAACCCTGCTT-GGCTA-3′) for hTAU-P301L. PCR products were TOPO-cloned into entry vectors using the pCR8/TOPO/GW Kit from Invitrogen and sequenced. Promoters and TAU were then LR recombined into Destination Driver and Responder vectors, using LR Clonase II from Invitrogen according to the manufacturer's instructions.
Plasmid preparation, mRNA synthesis, and embryo injection
Plasmids were prepared by extraction with a MACHEREY-NAGEL Maxi Kit and further cleaned up by using the Qbiogene GENECLEAN Kit according to the manufacturer's instructions. The vectors pCS-TP (a gift from K. Kawakami, National Institute of Genetics, Shizuoka, Japan), pCS2 + _GFP, pCS2 + _dN-GSK3β, and pCS2 + _GSK3β (both gifts from R. Rupp, LudwigMaximilians-University) were linearized by NotI and cleaned up by phenol/ chloroform precipitation. mRNAs were synthesized from the linearized vectors with the Ambion mMESSAGE mMACHINE kit (Applied Biosystems) according to the manufacturer's instructions and stored in small aliquots at -80°C. Shortly before injection, circular Driver and Responder plasmids were mixed with Tol2 transposase mRNA, all at a final concentration of 25 ng/μl, in dH20 containing diethylenepyrocarbonate-treated (DEPCtreated) 0.2 M KCl and 20% phenol red (44) . GFP mRNA was used at a concentration of 100 ng/μl and GSK3β mRNAs were used at a concentration of 50 ng/μl, all diluted in DEPC-treated dH2O containing 20% phenol red.
One-cell-stage embryos were collected, oriented on agar plates, and injected with approximately 1 nl of the injection solution. Plasmid DNA and transposase mRNA were injected through the yolk into the cytoplasm of the first cell before the first cell division. GFP and GSK3β mRNAs were mixed before use and injected into the yolk. At around 6 to 8 hpf, 2 random fertilized embryos from each dish were tested for transposition by PCR as described (44) . At 30 hpf, embryos were selected for DsRed expression under a Leica fluorescent stereomicroscope and raised at 28.5°C to adulthood. Adult founder fish were identified by outcrossing them to AB wildtype fish and screening the F1 generation for DsRed-expressing embryos. These embryos were raised to establish transgenic lines.
Identification of transgenes by PCR
The offspring of 225 embryos of an F2 outcross were analyzed by PCR. Three independent PCRs were performed to show Gal4 on the Driver construct, TAU on the responder construct, and actin as a loading control. The following primers were used: Gal4: HuC 3′F 5′-TGGCGAAGACT-GTCCTTTTT-3′, Gal4-R 5′-GGTCTTCTCGAGGAAAAATCAG-3′; hTAU: TAU-OF 5′-AGGAGTTCGAAGTGATGGAAGAT-3′, TAU-IR 5′-GTGGC-GATCTTCGTTTTACCAT-3′; and actin: actin-F 5′-TGTTTTCCCCTC-CATTGTTGG-3′, actin-R 5′-TTCTCCTTGATGTCACGGAC-3′. For the PCRs, the 4- to 24-hour-old eggs were fixed in methanol; then the DNA was extracted by digestion with proteinase K for 4 hours at 55°C followed by inactivation of the enzyme for 10 minutes at 95°C. The extracted DNA was used as a template for PCR. To analyze the results, the products of the 3 PCRs for each possible genotype from 2 different embryos were mixed together, loaded on a gel, counted, and imaged.
IF, immunohistochemical stainings, Gallyas silver stainings, and WBs
Whole-mount IF stainings were performed according to standard methods (45) . For immunohistochemical and Gallyas silver stainings on paraffin sections, the 5-week-old fish were deeply anesthetized and killed in water with ice. Then the whole fish were fixed overnight in 4% PFA and transferred to PBS and the sections and stainings were performed as described for mouse tissue (46) .
WBs were performed according to standard methods. Embryos or larvae were frozen in liquid nitrogen and 10 to 50 μl of chilled Laemmli buffer were added per fish. Fish were homogenized by sonication and incubated at 95°C for 10 minutes. Embryo lysates were subjected to centrifugation at 13,000 g for 1 minute, and 10 to 20 μl of the supernatant was loaded on an 8% or 10% polyacrylamide gel. 
Acridine orange stainings and time-lapse imaging
Living zebrafish larvae were anesthetized with Tricaine (Sigma-Aldrich), incubated in a solution of 3 μg/ml acridine orange (Sigma-Aldrich) in E3 medium with Tricaine for 30 minutes (27) , and washed twice in E3 with Tricaine. For imaging, fish were embedded in 1.6% low melting agarose in E3 and overlayed with E3/Tricaine. The green nuclei of the neurons were counted in the whole spinal cord of 44 fish for each genotype using a Zeiss compound microscope with a Zeiss Plan-Apochromat 10×/0.45 lens. For time-lapse imaging, a z-stack of a chosen region of the spinal cord of the transgenic fish with a thickness of 10 μm was imaged every 3 minutes for 10 to 16 hours on a Zeiss LSM 510 META inverted confocal microscope (Zeiss, provided by the Hans and Ilse Breuer Foundation, Frankfurt am Main, Germany) in a heated chamber. The images of the z-stack were combined in a maximum projection, and the time series of image projections was exported to a time-lapse video with 8 frames per second using Zeiss LSM 510 Confocal software, version 4.2 SP1. The videos and still images taken from the videos were processed with ImageJ 1.41 (http://rsb.info.nih. gov/ij/) and iMovie 7 on Mac OSX 10.5.
Behavioral assays
48-hour-old living zebrafish larvae of several clutches were pooled together and sorted for visible DsRed expression. The selected fish were dechorionated manually at least 3 hours before the experiment. To evaluate the escape response, fish were touched with the tip of a fine needle for at least 2 times at the dorsal tip of the tail. An escape response in which the fish did not move a distance of at least 3 times its own body length was considered as reduced. A minimum of 3 groups of 50 fish were quantified for each genotype. At least one experiment was recorded and processed as a video.
Microscopy
Living zebrafish embryos, larvae, and 5-week-old juveniles were examined and imaged on a fluorescent stereomicroscope (Leica). For imaging fixed stainings, heads of zebrafish embryos were removed, and the tails were flat mounted in 1% low melting agarose in 50% glycerol/dH2O on coverslips and visualized with an LSM 510 META inverted confocal microscope. Motoneuron length measurements of confocal pictures were done using the overlay function of the Zeiss LSM software with maximum projections of z-stacks with constant stack height containing the whole neuronal projection. Images comparing 2 groups of fish were always done at the same time using identical settings. Paraffin sections were imaged on a Zeiss compound microscope. Images were assembled in Adobe Photoshop 8.0.
Analysis of compound characteristics
The GSK3β Kis were determined using a scintillation proximity assay with a biotinylated peptide sequence from eIF2B and [γ-33P]ATP as substrates. The CDK2 Kis were determined using a scintillation proximity assay with a biotinylated peptide sequence from GST retinoblastoma and [γ-33P]ATP as substrates. Scintillation proximity assays and kinetic analyses were performed as described earlier (14) . IC50 inhibition curves were analyzed by nonlinear regression using GraphPad Prism 5 (GraphPad Software).
BBB permeability in vitro was analyzed using an in vitro cell culture model for permeability across the BBB as described earlier (47) .
Analysis of GSK3β inhibition in TAU transfected cells
3T3 fibroblasts were engineered to stably express 4-repeat TAU protein.
The cells were treated with vehicle or with increasing concentrations of inhibitors and harvested at 4 hours after treatment. Cultures were then washed twice with 5 mM MgCl2 PBS. Extracts for WB analysis were prepared by homogenizing cells in ice-cold extraction buffer consisting of 20 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM NaF, 1% Triton X-100, 1 mM sodium orthovanadate, 10 mM EDTA, and protease inhibitors (2 mM phenylmethylsulfonyl fluoride, 10 μg/ml aprotinin, 10 μg/ml leupeptin, and 10 μg/ml pepstatin). The samples were homogenized at 4°C, and protein content was determined by the Bradford method. Total protein (25 μg) was electrophoresed on 10% SDS-PAGE gel and transferred to a nitrocellulose membrane (Schleicher & Schuell Bioscience Inc.). The experiments were performed using the following primary antibodies: pS396, 1:1000, and Tau5, 1:1000. The filters were incubated with the antibody at 4°C overnight in 5% nonfat dried milk. A secondary horseradish peroxidaselinked sheep anti-mouse (1:1000; Amersham Biosciences) or horseradish peroxidase-linked donkey anti-rabbit (1:5000; Amersham Biosciences) followed by ECL detection reagents (Amersham Biosciences) was used for immunodetection. Quantitation of immunoreactivity was performed by densitometric scanning.
Compound treatments
Stock solutions were prepared by dissolving compounds in DMSO (SB-216763 and SB-415286, 20 mM), 50% DMSO/dH2O (AR-534, 5 mM), or dH2O (AR-164, 10 mM, and LiCl, 3 M). Stock solutions were diluted with embryo medium E3 containing 1% DMSO to final dilutions of 50 μM for SB-216763, 100 μM for SB-415286, 100 mM for LiCl, 25 μM for AR-534, and 100 μM for AR-164. The unpermeable chorions of fragile 4-hour-old embryos were only slightly opened to allow access to the compounds, while rather robust 24 hpf embryos were completely dechorionated. Embryos were incubated in 1 ml compound dilutions or control medium (E3 containing 1% DMSO) in 12-well plates; the solutions were changed daily. Embryos were either treated from 4 to 24 hpf or from 24 to 100 hpf.
Statistics
Mean values and SD were calculated with Microsoft Excel, version 12.1.3. Statistical analysis was performed using 2-tailed Student's t test in Microsoft Excel. Data are presented as mean ± SD. P < 0.05 was considered significant.
